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Abstract: In this paper, we present an extension to the TSALB problem (Time and Space
constrained Assembly Line Balancing) with ergonomic risk restrictions. This ergonomic risk is
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1. INTRODUCTION
Circulating units are not identical in manufacturing sys-
tems with mixed-products assembly lines, like in the Au-
tomobile industry. This product variety means a variation
in the use of resources (workers, tools, etc.) as well as
in consumption of components. Therefore, the need for
balancing an assembly line is present in its design. Obvi-
ously, in line balancing, if we talk about real situations,
the technological and management constraints should be
also taken into account.
The Assembly Line Balancing Problem (ALBP) is a classic
problem (Salveson, 1955) related to flow-oriented produc-
tion systems. The problem deals to assign a set of ele-
mentary tasks (which may correspond to the assembly or
disassembly of a product: motors, batteries, cars...) to a set
of workstations or modules. The workstations are usually
associated with teams of workers and/or robots, and they
apply some of the work that will serve to complete the
final product.
Typically, the workstations are arranged in a row, one
behind another, and connected by a transport system,
which allows movement of the work in progress at constant
speed. Each workstation is given a constant time (cycle
time, c) to complete the work that has been assigned.
Baybars (1986) divided the ALBP into two classes: (1)
Simple Assembly Line Balancing Problem (SALBP) and
(2) General Assembly Line Balancing Problem (GALBP).
The SALBP class contains assembly problems that at-
tempt to minimize the total idle time considering exclu-
sively only two kinds of task assignment constraints:
• Cumulative constraints (associated with the available
work time in the workstations).
? The authors greatly appreciate the collaboration of Nissan Spanish
Industrial Operations (NSIO). This work was funded by project
PROTHIUS-III, DPI2010-16759, including EDRF funding from the
Spanish government.
• Precedence constraints (established by the order in
which the tasks can be executed).
The GALBP class (Becker and Scholl, 2006) contains
problems with additional considerations, as is the case in
which the assignment of tasks is restricted (Scholl et al.,
2010) or when certain tasks must be assigned in block
(Batta¨ıa and Dolgui, 2012) . We find a new state of the art
paper on Assembly Line Balancing Problems in (Batta¨ıa
and Dolgui, 2013).
By other hand, other problems from literature, with some
limitations, are included in a family of problems under
the name Time and Space constrained Assembly Line
Balancing Problems (TSALBP) (Bautista and Pereira
(2007); Chica et al. (2010); Chica et al. (2011)). These
problems take into account elements, such as:
• the number of workstations (m);
• the standard time assigned to each workstation (c),
which is calculated through an average of the process-
ing times of all tasks according to the proportions, of
each type of product, that are present in the demand
plan, and;
• the available space or area (A) to materials and tools
at each workstation.
All types of problems discussed above, consist on assigning
a set of tasks to a set of workstations. In many cases, these
workstations are associated with workers, so in addition to
the technological and management constraints, ergonomics
must be contemplated.
One of the main objectives of the ergonomics is to adapt
the operations that the workers must perform to guarantee
their safety, welfare and to improve their efficiency.
Although the problems of a poor ergonomic design of a
workplace affect all areas of employment, manufacturing
is one of the most affected. Specifically, in the case of
manufacturing assembly lines with mixed products, the
ergonomic risk is present at workstations and may affect
the performance of workers and the line.
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In such environments, ergonomic risk is given basically by
the components related to somatic comfort and psycholog-
ical comfort.
The somatic comfort determinates the set of physical
demands to which a worker is exposed throughout the
working day. To analyze this type of ergonomic risk, three
factors, among others, can be analyzed. These are:
• Postural load : Throughout the workday the workers
may adopt, repeatedly, inappropriate or awkward
postures that can result long term in fatigue and
musculoskeletal disorders (McAtamney and Corlett,
1993).
• Repetitive movements: A workstation may involve a
set of repeated upper-limb movements by the worker.
This may cause long term musculoskeletal injuries
(Bao et al., 2009).
• Manual handling : Some tasks involve the lifting,
moving, pushing, grasping and transporting objects
(Waters et al., 1997).
By the other hand, the psychological comfort refers to
the set of necessary mental conditions that the work-
ers must have to develop their tasks. These conditions
are: autonomy, social support, acceptable workloads and
a favorable work environment. To evaluate this compo-
nent of ergonomic risk we have several methods, as the
COPSOQ (Copenhagen Psychosocial Questionnaire) that
was adapted and validated in Spain with the name IS-
TAS21, the LEST method developed by the “Laboratoire
d’Economie et Sociologie du Travail” and other methods
with less reliability.
Our proposal is to incorporate into the TSALBP or in
other assembly line problems the factors that imply these
ergonomic problems.
This paper is organized as follows: In Section 2, using as
reference the TSALBP models present in the literature,
we incorporate ergonomics, obtaining new models that
consider technological, managerial and ergonomic factors.
In Section 3 we compare, through an example, the offered
results by the proposed models with those provided by
the models to SALBP and TSALBP. In Section 4 we
describe the computational experience carried out and the
results obtained though a case study linked to the Nissan
powertrain plant in Barcelona. Finally, in Section 5 we
show the conclusions of the study.
2. INCORPORATING ERGONOMICS INTO THE
TSALBP
2.1 The TSALBP
Given a set J of |J | tasks with their temporal, tj , and
spatial, aj , attributes (∀j = 1, ..., |J |) and a precedence
graph, each task must be assigned to a single station k
(k = 1, ...,m), such that: (1) all the precedence constraints
are satisfied, (2) no workstation workload time is greater
than the cycle time (c) and (3) no area required by the
station is greater than the available area per station (A).
Then, depending on the elementsm, c andA, we have eight
types of problems, according to the objective of each one of
them. First, we have a feasibility problem (TSALBP−F ),
which objective is to satisfy the constraints of the number
of workstations, the standard time assigned to worksta-
tions to process any product and the available space.
Second, we have three mono-objective problems focused
on minimizing the number of workstations, the cycle time
or the required area by the workstations (TSALBP − 1,
TSALBP−2 and TSALBP−3, respectively). Finally, we
have four multi-objective problems focused on minimizing
two of the three elements, the number of workstations
and the cycle time (TSALBP − 1/2), the number of
workstations and the required space (TSALBP − 1/3),
the cycle time and the required space (TSALBP − 2/3)
or the three elements at once (TSALBP − 1/2/3).
As an example, bellow we can see the mathematical model
for the TSALBP − 1:





k xj,k ≥ 0 (j = 1, ..., |J |) (2)
|J|∑
j=1
tj xj,k ≤ c (k = 1, ...,mmax) (3)
|J|∑
j=1
aj xj,k ≤ A (k = 1, ...,mmax) (4)
mmax∑
k=1
xj,k = 1 (j = 1, ..., |J |) (5)
mmax∑
k=1
k(xj,k − xi,k) ≥ 0 (j ≤ i, j ≤ |J | : i ∈ Pj) (6)
xj,k ∈ {0, 1} (j = 1, ..., |J |) ∧ (k = 1, ...,mmax) (7)
Where, xj,k is a binary variable that is equal to 1 if a
task j (j = 1, ..., |J |) is assigned to the workstation k
(k = 1, ...,mmax), and to 0 otherwise; Pj is a parameter
that indicates the set of direct precedent tasks of the task j
(j = 1, ..., |J |) and the objective is minimizing the number
of workstations (m ≤ mmax = |K|).
2.2 The TSALBP with ergonomics
Otto and Scholl, (2011) employ several techniques to
incorporate the ergonomic risks in the SALBP-1.
In a first approximation, given the set K of stations,
to each workload, Sk, assigned at workstation k (k =
1, ..., |K|), is determined an ergonomic risk, F (Sk). More-
over, a maximum value, called Erg, is established for
this ergonomic risk. Consequently, they can add to the
original models the following constraints (8), satisfying:
F (Sk) ≤ F (Sk ∪ {j}) ∀Sk∀j ∈ J .
F (Sk) ≤ Erg ∀k = 1, ..., |K| (8)
Alternatively to the conditions (8), they propose the
ErgoSALBP-1, adding to the SALBP-1 a new objective
function composed by two terms:
Min K ′(x) = K(x)) + ω · ξ(F (Sk)) (9)
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Where K(x) is the number of workstations; ω is a non-
negative weight and ξ(F (Sk)) is a function that includes
the ergonomic risk factors, F (Sk),∀k.
Logically, the constraints (8), presented by Otto and
Scholl, (2011), can be extended if we take into account,
in the line design, a minimum and maximum value to the
ergonomic risk and the different factors that can mean
ergonomic risks.
Indeed, if we also consider that the methods of risk
assessment (OCRA Check-List , NIOSH, RULA) classify
the activities or tasks in different categories (e.g. from 1
to 4) depending on the level of risk involved, we have:
Φ Set of ergonomic risk factors (physical, psychics,
physical-psychic).
Xφ Set of categories for the ergonomic risk factor φ ∈
Φ. When only one risk factor is analyzed, we will
call X to the set of categories. The set of categories
for one ergonomic risk indicates the intensity, effort
or difficulty that this factor can present.
J Set of elemental tasks.
j Index of tasks j ∈ J(j = 1, . . . , |J |).
χφ,j Category of the task j ∈ J (χφ,j ∈ Xφ) associated
to the risk factor φ ∈ Φ, that is a non-negative
integer value. To one risk factor we will have χj .
Thus, we can define:
• The ergonomic risk of the task j ∈ J regarding the
ergonomic risk factor φ ∈ Φ:
Fφ,j = tjχφ,j (∀φ ∈ Φ;∀j ∈ J) (10)
• The ergonomic risk of the subset of task J0 ⊆ J




tjχφ,j (∀φ ∈ Φ;∀J0 ⊆ J) (11)
where, J0 can be a task, an operation that adds a set
of elementary task, a meta-operation that adds a set
of operations or the workstation workload.




tj (∀J0 ⊆ J) (12)
• The category of the subset of task J0 ⊆ J regarding




(∀φ ∈ Φ;∀J0 ⊆ J) (13)
Where χφ(J0) is a real value.
• The corrected category of the subset of task J0 ⊆ J
for the ergonomic risk factor φ ∈ Φ:
χˆφ(J0) = dχφ(J0)e (∀φ ∈ Φ;∀J0 ⊆ J) (14)
Therefore, our proposal is to incorporate into the TSALBP-
1 models the restrictions associated to ergonomic risk.
Particularly, if we consider J0 as a workstation from the
set of workstations, K, therefore we have Fφ(Sk), t(Sk),
χφ(Sk) and χˆφ(Sk) ∀k ∈ K, we will impose the following
limitations to to each station and risk factor:
(1) Upper and lower limitation of actual ergonomic risk:
Fminφ ≤ t(Sk)χφ(Sk) ≤ Fmaxφ (∀k ∈ K;∀φ ∈ Φ) (15)
(2) Upper and lower limitation of corrected ergonomic risk:
Fminφ ≤ t(Sk)χˆφ(Sk) ≤ Fmaxφ (∀k ∈ K;∀φ ∈ Φ) (16)
Consequently, considering the limitations (15) or (16) we
have new models to the TSALBP :
• TSALBP-1 with upper and lower limitation of actual
ergonomics risk:
Min z1 = m (17)




tjχφ,jxj,k ≤ Fmaxφ (∀k ∈ K;∀φ ∈ Φ) (18)
• TSALBP-1 with upper and lower limitation of cor-
rected ergonomics risk:
Min z1 = m (19)




tjχˆφ,jxj,k ≤ Fmaxφ (∀k ∈ K;∀φ ∈ Φ) (20)
where Fminφ and F
max
φ are the limits of the ergonomic
risk to the risk factor φ ∈ Φ. Obviously, the above models,
proposed for elemental tasks (j ∈ J), may arise for subsets
of elemental tasks (J0 ⊆ J).
If we consider the new constraints (18) or (20) and the set
of human aspects that we can observe H, in our case: the
soma aspect (σ), the psique aspect (ϕ) or both (σ∪ϕ); we
can find a new classification for the TSALBP, that is the
TSALBP erg (see table 1):
Table 1. TSALBP erg typology.
Name m c A Type
TSALBP-F-η Given Given Given F
TSALBP-1-η Minimize Given Given OP
TSALBP-2-η Given Minimize Given OP
TSALBP-3-η Given Given Minimize OP
TSALBP-1/2-η Minimize Minimize Given MOP
TSALBP-1/3-η Minimize Given Minimize MOP
TSALBP-2/3-η Given Minimize Minimize MOP
TSALBP-1/2/3-η Minimize Minimize Minimize MOP
In table 1 the suffixes 1, 2, and 3 refer to the minimization
of m, c and A, respectively. The suffix F refers to a
feasibility problem. The post-suffix η refers to the type of
the restriction linked to the human aspects, psychic and
somatic, being the element η ∈ H where H = {∅, σ, ϕ, σ ∪
ϕ}. The column “Type“ indicates if the problem is one
of feasibility (F), mono-objective (OP) or multi-objective
(MOP).
3. AN EXAMPLE
To illustrate the effect of incorporating additional con-
straints into the assembly line balancing problems, below
we present an example for three types of these problems:
the SALBP-1, the TSALBP-1 and the TSALBP-1-σ.
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Given a set of eight tasks (|J | = 8), whose operation
times, tj (j = 1, ..., |J |), required space, aj (j = 1, ..., |J |),
category for the physical factor, χj (j = 1, ..., |J |), and
precedence graph (see Fig. 1), each task must be assigned
to a single stations such that: (1) no station workload
time is greater than the cycle time, c = 20 s; (2) no
area required by a station is greater than the available
lineal area per station, A = 20 dm; and (3) no station
with ergonomic risk for physical factor greater than the
maximum allowed, Fmax = 60 e− s (ergo-seconds).
Fig. 1. Precedence graph of tasks. At each vertex we can
see the tuple tj/aj/χj corresponding to the task.
If we considerer the SALBP-1, that minimizes the number
of workstations, m, given a fixed value of the cycle time
(c = 20 s), we obtain 5 stations as solution (see Fig. 2).
Fig. 2. Solution obtained by SALBP-1 (m = 5).
On the other hand, if we take into account the TSALBP-
1, that minimizes the number of workstations, m, given a
fixed value of the cycle time (c = 20 s) and the available
space for each workstation (A = 20 dm), we can see that
the obtained number of workstations is greater than the
obtained by the SALBP-1, in one unit (see Fig. 3).
Fig. 3. Solution obtained by TSALBP-1 (m = 6).
Finally, if we consider the risk factor category, χj , and
the operation time, tj , as shown in equation (10), we
can obtain the ergonomic risk associated to each task, Fj
(j = 1, ..., |J |) (see table 2).
Table 2. Ergonomic risk.
Tasks A B C D E F G H
tj 11 17 9 5 9 12 19 3
χj 4 3 3 4 4 3 3 4
Fj 44 51 27 20 36 36 57 12
Then, considering the equation (18) we can solve the
TSALBP-1-σ, that minimizes the number of workstations,
m, given a fixed value of the cycle time (c = 20 s),
the available space for each workstation (A = 20 dm)
and the maximum ergonomic risk for each workstation
(Fmax = 60 e− s) (see Fig. 4).
Fig. 4. Solution obtained by TSALBP-1-σ (m = 7).
As we can see from the example, depending on the lim-
iting factors that we consider, the resulting number of
stations will be one or other. Obviously, a greater number
of conditional factors means a greater number of work-
stations. In the solution offered by the TSALBP-1-σ, we
note that only two tasks can be grouped in a single station
(F (SV I) = FD +FF = 20 + 36 = 56 ≤ 60 e− s), obtaining
a solution of 7 workstation.
4. COMPUTATIONAL EXPERIENCE
To evaluate the influence of ergonomic risk constraints
on the number of workstations of the line and their
configuration, we solve the models SALBP-1, TSALBP-
1 and the TSALBP-1-σ with upper limitation of actual
ergonomics risk through a case study that corresponds to
an assembly line from Nissan’s plant in Barcelona.
The assembly line on which we perform the study is
an assembly line of mixed products. Specifically, in this
line are assembled nine types of engines (p1, ..., p9) with
different destinations and assembly features. These types
of engines are grouped into three classes: 4x4 (p1, ..., p3);
vans (p4, p5); trucks (p6, ..., p9). Logically, given a global
demand, the demand for each one of the nine types of
engines is not homogeneous among time and is not equal
for each one. Therefore, although the daily production
capacity is kept as constant (270 engines), the line must be
able to adapt to different demand plans based on partial
demands of each engine type. For this reason, several
instances corresponding to different production mixes,
have been used to solve the 3 problems studied in this
document, SALBP-1, TSALBP-1 and TSALBP-σ. Each
one of these production programs corresponds to a set of
average times of operation (Chica et al., 2012), weighted
by the demand of the nine types of engines. In short, the
change in production mix affects the weighted duration of
each operation involved in the process and therefore may
require a rebalancing of the line.
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In this study we select nine production mixes (see ta-
ble 3) from the 23 available instances (see table 7 on
Bautista et al. (2012)). The 23 instances for the block I
are equivalent to the other 23 of the block II, because the
proportions of engine types are maintained on both blocks
respectively, changing only the total demand. Selected the
nine production mixes, we will determine the processing
times of the 140 operations as a function of each mix.
Table 3. Production units of the engine types
for each production plan.
Production plans
Family 1 2 3 6 9 10 11 12 18
4x4 p1 30 30 10 50 70 10 10 24 60
p2 30 30 10 50 70 10 10 23 60
p3 30 30 10 50 70 10 10 23 60
VAN p4 30 45 60 30 15 105 15 45 30
p5 30 45 60 30 15 105 15 45 30
trucks p6 30 23 30 15 8 8 53 28 8
p7 30 23 30 15 8 8 53 28 8
p8 30 22 30 15 7 7 52 27 7
p9 30 22 30 15 7 7 52 27 7
There will be a single grouping of operations to meta-
operations. That is, the 140 operations (related to the
378 elementary tasks) (Chica et al. (2010)) will become
36 meta-operations. For us, a meta-operation is a set of
aggregate operations taking into account that there is a
cycle time of 180 s, an available longitudinal area of 400 cm
and considering the links of precedence and/or succession.
Each one of the nine resulting instances will be solved,
using the CPLEX solver v11.0 (single-processor license)
running on a MacPro computer with an Intel Xeon 3.0
GHz CPU and 2 GB RAM using Windows XP without
any limit on the CPU time.
In table 4, we can see the number of workstations obtained
for each problem. The results show how adding constraints
on models influences the obtained number of stations.
Thus, we see that if we consider only the cycle time
constraint, c = 180 s, we get a number of workstations
from 19 to 20, depending on the production plan used.
Moreover, if we also consider, when the meta-operations
are assigned to a station, the maximum available area
of 400 cm, the number of stations is renumbered 21,
increasing by 1 or 2 stations depending on the mix. Finally,
if, in addition to the cycle time and the maximum available
area, we consider that the set of meta-operations assigned
to a station can not exceed a maximum ergonomic risk of
465 e− s we have as result 22 and 23 workstations.
Table 4. Number of workstations obtained by
SALBP-1, TSALBP-1 and TSALBP-1-σ with
a fixed values of cycle time (c = 180 s),
available space (A = 400 cm) and ergonomic
risk (Fmax = 465 e− s) to each station.
Production plans
1 2 3 6 9 10 11 12 18
SALBP-1 19 20 20 19 19 20 20 20 19
TSALBP-1 21 21 21 21 21 21 21 21 21
TSALBP-1-σ 22 23 23 23 23 23 22 23 23
Table 5. Workstations Configuration (kMix# =
1, ...,m) resulting from SALBP-1, TSALBP-1
and TSALBP-1-σ with c = 180 s, A = 400 cm
and Fmax = 360 e− s to mixes 1 and 6.
Meta SALBP-1 TSALBP-1 TSALBP-1-σ
operation kMix1 kMix6 kMix1 kMix6 kMix1 kMix6
1 1 1 1 1 1 1
2 2 2 2 2 2 2
3 3 3 3 3 6 3
4 3 3 3 3 3 3
5 4 4 4 4 4 4
6 5 5 5 5 5 5
7 5 5 5 5 5 5
8 5 5 6 6 6 6
9 19 19 6 6 13 6
10 6 6 7 7 6 7
11 6 6 7 7 7 7
12 6 6 8 8 8 8
13 7 7 8 8 8 8
14 7 7 9 9 9 9
15 8 8 9 9 10 10
16 8 8 10 10 11 11
17 9 9 10 10 12 12
18 9 9 11 11 12 13
19 10 10 11 11 13 13
20 10 10 12 12 14 14
21 11 11 13 13 15 15
22 11 11 14 14 16 16
23 12 12 14 14 16 16
24 12 12 15 15 17 17
25 17 16 15 15 17 24
26 19 19 15 15 21 24
27 13 13 16 16 18 18
28 14 14 16 17 19 19
29 14 14 17 17 19 19
30 14 14 17 17 19 20
31 15 15 18 18 20 20
32 15 15 18 18 21 20
33 16 16 19 19 22 21
34 16 16 19 19 22 21
35 17 17 20 20 23 22
36 18 18 21 21 24 23
m 19 19 21 21 24 24
We have seen in table 4 that the number of stations
depends on the composition of the production mix (e.g.
for Mix1 a result of 19 workstations is obtained for the
SALBP-1 and 22 for the TSALBP-1-σ , while the Mix2,
gives a solution of 20 and 23 workstations, respectively).
Similarly, although we can see the same result regarding
the number of workstations in different production plans,
the workstation configuration is not necessarily the same.
Table 5 shows that the station assignment of each meta-
operation, obtained by the three problems respectively,
is different for two different production programs, the
Mix1 and Mix6, given a maximum ergonomic risk of
2c = 360 e − s. For example, in the case of SALBP-1, we
can see that for Mix1, the meta-operation 25 is assigned
to station k = 17, while this meta-operation is assigned to
workstation k = 16 for the Mix6. In TSALBP-1, occurs the
same for the meta-operation 28, being assigned to station
k = 16 for Mix1 and in the workstation k = 17 for the
Mix6. Finally, for the TSALBP-1-σ, the line configuration
presents more differences depending on the mix, varying
the workload assigned to the stations 3, 6, 7, 13, 17, 19,
20, 21, 22, 23 and 24.
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Finally, if we look only at the TSALBP-1-σ, we conclude
that the configuration of the line depends on the maximum
ergonomic risk that is allowed to each workstation. In table
6, we can see that the number of stations is different for
several intervals of maximum ergonomic risk. In particular,
we observe that for a maximum allowable ergonomic risk
of 360 e − s (which is equivalent to a maximum level
of intensity or category for the risk factor of 2 for all
the workstations) the number of workstations is 24 for
all studied demand plans. However, when the maximum
ergonomic risk is greater the number of stations decreases
(e.g. for an Fmax = 480 e− s is obtained 22 workstations
for each mix). Moreover, we note that the variation in the
number of stations is not homogeneous for all production
programs, obtaining a different number of stations for
certain maximum risk levels (e.g. with Fmax = 465 e − s
we obtain 22 stations for the production plans 1 and 11,
and 23 stations for the rest, with Fmax = 525 e − s are
required 21 stations for the mixes 1 and 11, and 22 for the
rest, and Fmax = 530 e − s requires 21 workstations for
all production plans, except for the mix 10 that requires
22 stations).
Table 6. Number of workstations obtained by
TSALBP-1-σ with a cycle time of 180 s, an




1 2 3 6 9 10 11 12 18
360 24 24 24 24 24 24 24 24 24
450 24 24 24 24 24 24 24 24 24
460 24 24 24 24 24 23 24 24 24
465 22 23 23 23 23 23 22 23 23
480 22 22 22 22 22 22 22 22 22
510 22 22 22 22 22 22 22 22 22
525 21 22 22 22 22 22 21 22 22
530 21 21 21 21 21 22 21 21 21
540 21 21 21 21 21 21 21 21 21
5. CONCLUSION
In this paper we proposed several variants to the TSALB
problem, incorporating ergonomic risk constraints.
The case study considered corresponds to an engine as-
sembly line of Nissan plant in Barcelona and focuses on
the analysis of the variation of the required number of
workstations for balancing the line and the variation of
the assigned tasks to each workstation, regarding two
aspects: the engine demand variation and the variation
of the allowed maximum ergonomic risk. The obtained
result allowed us to observe that the variation of engine
mix (with a constant total demand equal to 270 engines)
influences the human resource and space requirements,
increasing both requirements by 5% respect the initial
situation, where the demand of engine types was balanced.
On the other hand, the ergonomic risk reduction supposes
a human and space resource increase around 15%. Both
the mix variation and the risk reduction require that the
workstations are rearranged with the consequent operation
costs and worker training.
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